savanna) during the heavy summer rains. Seed development and the chemical constituents of the mucilaginous layer in M. pubescens have been previously studied (Oliveira et al., 2001 (Oliveira et al., , 2017 , but neither the mucilaginous secretions nor their ecological roles have yet been investigated. Considering the economic potential of seed mucilages (Plachno et al., 2017; Phan and Burton, 2018) and the structural peculiarities of secretory cells (Haughn and Western, 2012; Kreitschitz and Gorb, 2017) , numerous lines of investigation still need to be pursued. The present work was designed to study the development and function of the mucilage of M. pubescens seeds to (1) relate structural and ultrastructural aspects of the mucilage to secretion and hydration mechanisms and (2) to evaluate the role of the mucilage capsule in seed germination.
MATERIALS AND METHODS

Plant material collections
Ten flowering adult individuals of M. pubescens were randomly selected in a natural population growing in a transition region between Cerrado and Caatinga vegetation in the municipality of northern Minas Gerais State, Brazil (15°48′13″S; 43°19′3″W). Flower buds, flowers in anthesis, and seeds at various stages of development were collected on a monthly basis for 1 year, from pre-anthesis of the flowers at the end of the dry season (August) to seed dispersal at the beginning of the rainy season of the following year (September). Branches of fertile material were deposited as voucher specimens in the BHCB Herbarium, Department of Botany, Federal University of Minas Gerais, Belo Horizonte, Minas Gerais State, Brazil, reference number 732.
Morphometric evaluations
The length, diameter, and thickness of 10 fresh seeds from each of three fruits from three individuals of M. pubescens were measured each month (totaling 90 seeds per month) during seed development using a digital caliper (502 150, Kingtool Co., Taichung City, Taiwan) .
Structural and histochemical analyses
For the structural analysis of the mucilaginous layer, fragments of about 3 mm of the edge of the equatorial region of the ovules and seeds of M. pubescens, containing both the external and internal coats of the seeds, were fixed in Karnovsky's solution (Karnovsky, 1965) , dehydrated in an ethanol series (560 mm Hg) for 24 h, embedded in methacrylate historesin (Leica Instruments, Heidelberg, Germany), and sectioned (5 μm thick) in several planes using a rotary microtome (Atago, Tokyo, Japan). The sections were stained with 0.05% w/v toluidine blue in 0.1 M acetate buffer (pH 4.7, modified from pH 6.8 of O'Brien et al., 1964) and mounted on glass slides with acrylic resin (Itacril, Itaquaquecetuba, Brazil) .
Sections of mature seeds prepared as described above were treated with ruthenium red to detect pectins (Johansen, 1940) , Alcian blue for acidic polysaccharides (Pearse, 1980) , and tannic acid for amine radicals (Pizzolato and Lillie, 1973) , bromophenol blue (Pearse, 1980) and xilidine Ponceau (Vidal, 1970) for proteins, periodic acid-Schiff 's reagent (PAS; McManus, 1948) , lugol for starch and alkaloids (Jensen, 1962; Furr and Mahlberg, 1981) for neutral polysaccharides, and Sudan red and Sudan black for lipophilic compounds (Pearse, 1980) . Controls were treated according to the recommendations of the respective authors. Toluidine blue, based on metachromasia, at pH 4.7, stains phenolic compounds bluegreen, acidic polysaccharides stain pink, and neutral polysaccharides stain a purplish-blue (O'Brien et al., 1964, modified) . Images were captured with a Lab AI equipped light microscope with a digital camera Axion Cam ICC3 (Zeiss, Jena, Germany).
Ultrastructural analysis
For transmission electron microscopy, fragments of plant material (obtained as described for the structural evaluations) were fixed in Karnovsky's solution (Karnovsky, 1965) , postfixed in 1% w/v osmium tetroxide in 0.1 M phosphate buffer (pH 7.2), dehydrated in an acetone series, embedded in Araldite resin (Leica Microsystems, Heidelberg, Germany) (Roland, 1978) , and sectioned using a ultramicrotome UC6com (Leica). The 50-nm ultrathin sections were contrasted with uranyl acetate and lead citrate (Watson, 1958; Reynolds, 1963) , transferred to grids and examined using a Tecnai G2-12-Spirit TEM electron transmission microscope (Philips/FEI Company, Eindhoven, Netherlands) at 80 kV.
Characterization of mucilage capsule formation
Fragments of the outer coat of mature seeds were soaked in distilled water for 5 min to release their mucilaginous secretions. The fragments were fixed in Karnovsky's solution (Karnovsky, 1965) , dehydrated in an ethanolic series, subjected to CO 2 critical drying (Bal-Tec-MD20, Leica) (Robards, 1978) , mounted on sample holders with double-sided carbon tape, sputter-coated with a 3-nm thick layer of gold, and examined using a scanning electron microscope (Quanta 200, Fei Co., Eindhoven, Netherlands) at 12-20 kV.
Germination tests
The influence of the mucilaginous layer on germination was evaluated for seeds in four states: (1) intact seeds containing the outer and inner coats, (2) seeds without the mucilaginous layer of the outer coat, (3) seeds without the outer coat but with the inner coat, and (4) embryos without the outer and inner coats. For states 2-4, the coats were removed with a scalpel blade, and the seeds were disinfected in 1% v/v hypochlorite solution for 15 min, followed by three sterile water washes. The materials were then sown in moist vermiculite at 80% of its water retention capacity in polyethylene containers (20 × 30 cm, with lids) and subsequently held in a germinator at 25°C in the absence of light.
The influence of the mucilaginous layer on imbibition was evaluated using four replicates of 20 seeds from which embryos (of all treatments) were excised daily for 8 d and weighed, then dried for 24 h at 105°C and weighed again (MAPA, 2009). The design was completely randomized in factorial scheme 4 (seed condition) × 8 (d).
Germination was evaluated daily for 24 d including four replicates of 20 seeds or isolated embryos. Seeds (or embryos) showing 2 mm of protrusion of the main root were considered to be germinating. The design was completely randomized in factorial scheme 4 (seed condition) × 24 (days). The percentage of germinated seeds or embryos were subjected to the Kolmogorov-Smirnov test to verify adherence to normal distribution and to the Levene test to verify homogeneity of variances. The data were then arcsine-transformed and means subjected to a two-way analysis of variance (ANOVA) and Tukey's test at P < 5%. The same procedures were used to evaluate the data on water content of the seeds and embryos; in this case, the data were not arcsine-transformed.
RESULTS
Development of the mucilaginous layer
Seeds of M. pubescens (detailed by Oliveira et al., 2017) develop over 1 year (Fig. 1) . Dispersal occurs at the end of the dry season (September). The embryo develops for approximately 6 months (until March), and then dehydration is initiated (as evidenced by its decreasing thickness). The seed ends its expansion at the end of a year (in August).
Seed dispersal can overlap flowering ( Fig. 2A ). The seed core has two distinct coats ( Fig. 2B-D) : (1) a thin outer coat that contains the epidermis, the mucilaginous layer itself, and a loosely adhering woody layer; (2) an inner coat firmly attached to the embryo. The mucilage, when hydrated, forms a voluminous, viscous, and hyaline mucilage capsule ( Fig. 2E-G ). During the final stage of seed development, the mucilaginous layer and the embryo remain separated and dehydrate independently-guaranteeing that the winged seed coat are lightweight ( Figs. 1, 2C ). The mucilaginous layer originates from the protoderm of the outer tegument of the ovule via periclinal divisions that begin after anthesis (in September). Mucilage secretion continues until the rainy season (January) (Fig. 1) . The mucilaginous cells are radially aligned, tangentially elongated, have thin walls, and conspicuous nuclei ( Fig. 3A, B) . A layer of voluminous parenchymatous cells can be observed internally with a sclerified layer below ( Fig. 3A-C) . At the end of cell multiplication, the mucilaginous layer itself is lined by an epidermis composed of cells with slightly thickened external periclinal walls and phenolic contents. At this stage, the mucilaginous layer is composed of voluminous parenchymatous cells ( Fig. 3D, E) .
Mucilage accumulation in the mucilaginous layer occurs 6-7 months after anthesis (February/March). The epidermal cells have thick outer periclinal walls and accumulate phenolic compounds. Acidic and neutral polysaccharides accumulate in the mucilaginous layer and become concentrated on the inner surface of the protoplast (Fig. 4A-C) . The parenchymatous layer has lignified walls ( Fig. 4B-D and Table 1 ). The mucilage hydrates and is released during the embedding of the sample for microtomy, which results in an accordion-like appearance (Fig. 4D ). After the end of the secretion process, the lignified 
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parenchyma layer internal to the mucilaginous layer collapses, leading to the separation of the mature embryo ( Fig. 1 ) from the hygroscopic, mucilaginous layer.
Mucilage secretion
The mucilaginous layer of M. pubescens seed coat is composed of a mixture of acidic polysaccharides (Fig. 5A, B) , proteins ( Fig. 5C-E) , and neutral polysaccharides (Fig. 5F ). The acidic and neutral polysaccharides are concentrated in the inner periclinal region of the mucilaginous cells, while the protein fraction becomes concentrated at the outer periclinal regions of those cells. Starch, alkaloids, and lipophilic compounds did not accumulate (Table 1 and Fig. 5 ). Mucilage is secreted in three steps: (1) the synthesis of acidic polysaccharides and proteins, (2) the synthesis of neutral polysaccharides, and (3) protoplast collapse. The synthesis of acidic 
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polysaccharides, as evidenced by histochemical tests (Fig. 5A, B ), is associated with dictyosome activity and the liberation of vesicles containing electron-dense fibrillar material (Fig. 6A ). The vesicles coalesce to form mucilaginous bodies that merge with the plasma membrane and release their contents (principally) to the inner periclinal face of the periplasmic space by way of granulocrine secretion mechanisms (Fig. 6B ). The cytoplasm becomes increasingly dense and rich in polysomes, and voluminous vacuoles containing amorphous material (identified as proteins by histochemical tests) can be observed ( Fig. 5C-E ). The vacuoles fuse to the plasma membrane and release their contents (principally) to the outer periclinal surface of the periplasmic space ( Fig. 6C, D) . Neutral polysaccharides (as identified by histochemical tests, Fig. 5F ) have a fibrous appearance, like cellulose in transmission electron micrographs, and their synthesis is related to the presence of mitochondria associated with the plasma membrane ( Fig. 7A-F ). Neutral polysaccharides are deposited (principally) on the inner surface of the periplasmic space in loosely folded layers, similar in appearance to the cellulosic wall. Neutral polysaccharide synthesis occurs simultaneously with dictyosome synthesis of acidic polysaccharides ( Fig. 8A-F ). This process resembles cellulosic wall deposition during plant cell division and secondary thickening, and the results are interpreted as secondary walls. The fibrous component, composed of neutral polysaccharides, envelops the fibrillar component (composed of the acidic polysaccharides) in a basket-shaped structure that occupies almost the entire periplasmic space (with the exception of its outer surface, which accumulates the protein component). At the end of the period of mucilage secretion, the protoplast collapses and the cell dehydrates, evidencing that the process is associated with programmed cell death ( Fig. 8A-D) . The cells are thus completely filled with secretion products: proteins on the outer periclinal surface and fibrous and fibrillar carbohydrates on the inner surface.
In summary, the sequence of events occurring during the mucilage secretion process involves: (1) the synthesis of acidic polysaccharides released (principally) on the inner periclinal surface of the periplasmic space and the synthesis of protein released (principally) on the outer periclinal surface of the periplasmic space, (2) the synthesis of neutral polysaccharides that are deposited (principally) on the inner periclinal surface of the periplasmic space in the form of folding layers that assume a basket-shaped structure surrounding the acidic polysaccharides, and (3) the collapse of the protoplast and the onset of dehydration of the mucilage-producing cells.
Water absorption and seed germination
The presence of a seed mucilage accelerated seed hydration on the first day after sowing. However, the final seed water contents (mean = 51.3) did not vary among the evaluated treatments (F 3, 12 = 2.53; P = 0.1065) from the second day of incubation onward (Fig. 9A) . Intact seeds and seeds without their mucilaginous layer germinated more rapidly than the germination of seeds without their external integument or isolated embryos, but the final germination percentages (mean = 84.0) did not significantly vary among treatments (F 3, 12 = 1.68, P = 0.1888) (Fig. 9B) . Those results suggest that the mucilaginous layer has greater relevance to seedling establishment under environmental conditions more restrictive than the experimental conditions used here.
Mucilage capsule formation
The mucilaginous layer in the dehydrated seed is covered by the epidermis (Fig. 10A, B) and bounded internally by voluminous parenchyma cells (Figs. 3C, 10A ) with lignified walls supported on a semi-porous lignified base (Fig. 10A, C) . The hydration of the mucilaginous layer promotes increased volume and expansion 
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of the mucilage, the rupture of the epidermis and the mucilage cells, and extrusion of the mucilage into the external environment ( Fig. 10D, E) . The fibrous component of the mucilage, composed of neutral polysaccharides, expands to form a basket-shape framework that surrounds the fibrillar component (in turn composed of acidic protein and polysaccharides) ( Fig. 10G, I) . That peculiar architecture confers integrity and consistency to the mucilage capsule formed around the nucleus of the seed with its embryo ( Fig. 2E-G) .
DISCUSSION
The present work presents an integrated view of the development of the mucilaginous layer of M. pubescens, the formation of the mucilage capsule, and the effects of that structure on seed hydration and germination. The secretory process was elucidated, wherein the mucilage, composed of cellulosic secondary wall, pectins, and proteins, is released, which results in the formation of a thick mucilage capsule that provides stability ( Fig. 2G ) and contributes to seedling establishment.
Development of the mucilaginous layer
The multiseriate mucilaginous layer of the outer seed coat of M. pubescens is externally bounded by the epidermis with thick periclinal wall and, internally, by an aerated layer positioned on a semi-porous lignified base that is separated from the inner coat adhering to the FIGURE 6. Site of synthesis of acidic polysaccharides and proteins in mucilaginous seed coat layer of Magonia pubescens. TEM, cross sections of seed coat. (A, B) Release of dictyosome vesicles containing moderately electron-dense fibrillar material, identified by histochemical staining to be acidic polysaccharides (Fig. 5A, B ). Mucilaginous bodies formed by coalescence of dictyosome vesicles fused to plasma membrane and release of their contents to inner surface of periplasmic space via granulocrine secretion. Note membrane residues. (C, D) Dense cytoplasm, rich in polysomes, and voluminous vacuoles containing amorphous electron-dense material identified by histochemical staining to be proteins ( Fig. 5D-F ) and release of their contents onto outer surface of periplasmic space. cy, cytoplasm with polysomes; di, collapsed dictyosome; ep, epidermal cell; fi, fibrillar material; in, inner periplasmic space; mb, mucilaginous body; mi, mitochondria; mu, mucilaginous cell; ou, outer periplasmic space; pt, protein vacuole; re, membrane residues; wa, cell wall; arrows, dictyosome vesicles; arrowheads, granulocrine secretion mechanism. Scale bars: A, D = 2 μm; B, C = 1 μm. 
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C D E F embryo. The structure has remarkable properties that allow the firm retention of large quantities of water (available from the moist soil) during germination and its progressive release to the developing seedling.
The integumentary epidermis of M. pubescens constitutes the boundary between the soil environment and the newly emerging plant (developing embryo) (Bewley et al., 2013) and represents the primary structure for water uptake. Its thick, pectocellulosic walls facilitate fast water absorption, a common strategy in seeds of the species of several families (Corner, 1976) .
Internal to the seed epidermis, the cells of the mucilaginous layer have a fibrous component similar to cellulose in cell walls when viewed by transmission electron microscopy. The chemical analysis of that material did, in fact, reveal the presence of cellulose and other typical cell wall polysaccharides (Oliveira et al., 2001) . This cellulosic fraction, when hydrated, expands like an accordion and ruptures the cell. The epidermal cells of the uniseriate seed coat of Arabidopsis thaliana (L.) Heynh. (Brassicaceae) have similar structures (columella) of a cellulosic nature (Western et al., 2000; Macquet et al., 2007; Haughn and Western, 2012; Griffiths et al., 2015) . The columella is attributed with the function of facilitating cell wall rupturing during mucilage extrusion, while also ensuring that the other components of the mucilage do not leach out. Similar structures have been reported in Capsella bursa-pastoris (L.) Medik. (Brassicaceae) (Vaughan and Whitehouse, 1971 ) and A. monosperma Delile (Asteraceae) (Huang et al., 2000) , and both species grow in arid environments similar to those of the Brazilian Cerrado where M. pubescens occurs.
Internal to the mucilaginous layer of M. pubescens seeds is a collapsed parenchymatous chamber, rich in phenolic compounds, that rests on a semi-porous lignified base. Those strata favor the accumulation of soil water and promote its progressive release to the embryo, while guaranteeing the aeration necessary for germination. Woody layers are common in seed coats, and they perform several functions (Werker, 1997) , as described for Glycine max (L.) Merr (Fabaceae) (Ma et al., 2004) and Caryocar brasiliense Cambess (Caryocaraceae) (Souza et al., 2017) where specialized lignified structures called water pores are responsible for regulating the passage of water into the seed interior. The mucilaginous layer (sensu lato) of the seeds of M. pubescens (including the four composing sublayers) dehydrates independently of the rest of the seed during embryogenesis and allows gradual hydration of the embryo during germination.
Secretion and mucilage hydration
The process of the mucilage secretion in M. pubescens seeds is complex. It involves different compounds that accumulate in distinct cell structures ( Fig. 11A) and are discharged into the periplasmic space ( Fig. 11B ) and the collapse of the protoplast (Fig. 11C) . The formation of a cellulosic framework of acidic polysaccharides contributes to the consistency and stability of the mucilage capsule formed by the hydration and extrusion of the mucilage (Fig. 11D ). The capacity for water retention is due to the presence of hydroxyl and carboxylate groups, and the residues of esterified glucuronic acid are responsible for the gelling character of the pectins (Yapo and Koffi, 2006) . Arabidopsis demonstrates an equivalent structure-the columella (Beeckman et al., 2000; Arsovski et al., 2010; Haughn and Western, 2012) , and there are similar reports for M. glabrata A.St.-Hil. (Western, 2012) . Magonia pubescens, however, is peculiar in terms of seed ultrastructural aspects and the ecological functions of its secretions. During hydration, a cellulosic fraction, represented by the secondary walls of the secretory cells, is released along with acidic polysaccharides, unlike Arabidopsis with a columella that remains attached to the primary wall and adhered to the seed. In addition, the voluminous mucilage capsule formed by the hydrated mucilaginous layer seems to favor the formation of pellets and intimate contact between the seed surface and soil particles that aids seedling establishment.
The acidic polysaccharides composing the mucilage of M. pubescens are compartmentalized in vacuoles formed by the fusion of dictyosome vesicles. Dictyosomes, associated with the synthesis of strongly hydrophilic acidic polysaccharides having a fibrillar appearance (when viewed with transmission electron microscopy) are well documented in seeds Young et al., 2008; Haughn and Western, 2012; Płachno et al., 2017; Phan and Burton, 2018) and other mucilage-secreting structures FIGURE 9. Graphs showing the water absorption and germination of Magonia pubescens seeds and embryos kept in vermiculite (moistened to 80% of water retention capacity) at 25°C in the absence of light. (A) Seed hydration is accelerated on the first day by the presence of the seed coat. Water content does not vary from the second day onward (final mean = 51.3; F 3, 12 = 2.53; P = 0.1065). (B) A greater rate of germination is observed for intact seeds and seeds without the mucilaginous layer than for seeds without the outer tegument or among isolated embryos. The final germination percentage did not vary in the evaluated treatments (mean = 84.0; F 3, 12 = 1.68; P = 0.1888). Seed: complete seed containing both its outer and inner coat; seed without the mucilaginous layer: seed without the mucilaginous layer of the outer coat; seed without the outer coat: seed without the outer but with the inner coats; embryo: embryo without the outer and inner coats. (Mercadante-Simões and Paiva, 2013; Ballego-Campos and Paiva, 2018; Gonçalves et al., 2018; Rodrigues et al., 2018) .
The neutral polysaccharides of M. pubescens mucilage, composed in part of cellulose, correspond to the fibrous component that is secreted into the periplasmic space in a manner similar to the formation of primary and secondary walls in plant cells, and represent a process that occurs at the level of the plasma membrane and is associated with the presence of mitochondria (Haughn and Western, 2012) . Those cellulosic fibrils form a skeleton responsible for anchoring other mucilage components and maintaining the semi-liquid structure of the mucilaginous envelope (Windsor et al., 2000) , with the chemical bonds between cellulose and pectin stabilizing the three-dimensional architecture of the mucilage . A cellulose-rich mucilage forms after seed hydration in Lunaria annua L. (Brassicaceae) (Mosti et al., 2012) and species of Artemisia (Asteraceae) (Kreitschitz and Vallè, 2007; and Gorb, 2017). Neutral polysaccharides have also been found in the columella of Arabidopsis seeds (Beeckman et al., 2000; Arsovski et al., 2010; Haughn and Western, 2012; Western, 2012) . In M. pubescens, the secondary walls of the mucilaginous cells are released, but the columella in Arabidopsis remains attached to the primary wall. The cellulosic component of the mucilage in M. pubescens serves as a scaffold framework that restricts the leaching of the pectic components during their extrusion. The protein component in the mucilage of M. pubescens originates through the fusion of voluminous vacuoles formed in the protoplast. Proteinaceous mucilages are common in animals but have only occasionally been reported in plants (Pizzolato and Lillie, 1973) , although proteins are common in plant cell walls (Spiro, 2002; Burton et al., 2010) . Proteins were not identified in a chemical study of M. pubescens by Oliveira et al. (2001) , and the present study represents the first such record (obtained by histochemical staining). Proteomic analysis of Arabidopsis seed mucilage identified proteins with various functions related to carbohydrate anchoring and stabilization, apoptosis of the mucilaginous layer, and lipid metabolism-functions that would be expected in M. pubescens (Tsai et al., 2017) . The mucilage in the seed coat of Salvia hispanica L. (Lamiaceae) has been used to produce biofilms with emulsifying properties, suggesting the possible industrial use of M. pubescens mucilage in light of its large volumes in the seeds, the large number of seeds produced per individual, the large numbers of individuals in natural populations, and their wide distribution in the Brazilian Cerrado (Muñoz et al., 2012) .
Function of the mucilaginous layer during germination
The structure of the myxospermic seed coat of M. pubescens represents an adaptation to the hot and dry environment of the Cerrado. Field observations indicated that the winged seeds of the species do not normally become buried, but rather germinate on C the soil surface. The formation of a mucilage capsule around the seed will prevent water losses during the prolonged dry periods that follow the rainy season and are magnified by the rapid drainage of the predominantly sandy Cerrado soils. The presence of myxocarpy in Emilia fosbergii Nicolson (Asteraceae), also an anemochoric species, prevent secondary dispersal (De-Paula et al., 2015) . In the present work, however, the presence of mucilage on M. pubescens seeds did not increase the final embryo water content or overall germination rate as reported for other aridophilic plant species, such as Diptychocarpus strictus (Fisch. ex M.Bieb.) Trautv. (Brassicaceae) (Lu et al., 2010) and Leptocereus scopulophilus Areces (Cactaceae) (Barrios et al., 2015) . The removal of the mucilage, contrary to expectations, actually increased the germination rate in Henophyton deserti Coss. & Durien (Brassicaceae) (Gorai et al., 2014) , and constitutes a physical barrier against oxygen diffusion to Arabidopsis embryos (Western, 2012) . The seed mucilage of M. pubescens does favor water retention during seedling establishment, however.
Mucilage was shown to prevent the desiccation of Cerrado palm tree embryos when exposed to low humidity extremes during germination (Carvalho et al., 2015; Veloso et al., 2016) , and the role of mucilage in seedling establishment in desert environments is likewise well known, as it favors root burial and interactions with the soil microflora, thus reducing mortality under conditions of limited water availability (Yang et al., 2010 (Yang et al., , 2012a Western, 2012; Huang et al., 2015) .
CONCLUSIONS
• The mucilaginous layer of the seed coat of M. pubescens is externally bounded by the epidermis and internally bounded by an aerated layer positioned on a semi-porous lignified base. That structural arrangement allows for the retention and progressive release of water to the embryo. • The process of mucilage secretion is complex and leads to the formation of a folded, cellulosic framework that originates from the release of the secondary walls of secretory cells and functions to anchor acidic polysaccharides in a process mediated by proteins. This particular architecture contributes to the stability and consistency of the mucilage capsule formed after mucilage hydration. • The hydration of the mucilaginous layer does not alter the final germination percentage, which suggests a function for seedling establishment in the dry, restrictive environment of the Cerrado.
